The archaeon Methanosarcina mazei strain Gö1 belongs to the methylotrophic methanogens of the order Methanosarcinales. Those species have the most versatile substrate spectrum within the methanogenic archaea and are able to grow on H 2 plus CO 2 , acetate, or methylotrophic substrates such as methanol or methylamines as sole carbon and energy sources (10, 21) . We recently showed that M. mazei is able to use molecular nitrogen as sole nitrogen source when growing on methanol and characterized a single nitrogen fixation (nif) gene cluster encoding a molybdenum-containing nitrogenase (6) . For M. barkeri it has been demonstrated that degradation of each trimethylamine (TMA), dimethylamine (DMA), and monomethylamine (MMA) leads to the release of ammonium into the medium (13) . However, whether M. mazei fixes nitrogen when growing on methylamines or directly uses the ammonium generated by the disproportion of methylamines has never been studied.
The first step of the disproportion of methylamines is catalyzed by soluble methyltransferases, which transfer the methyl group to a cognate corrinoid protein whereby each different methylamine requires its specific methyltransferase and corresponding corrinoid protein (2, 7, 8) . The demethylation of the cognate corrinoid proteins is finally catalyzed by a methylcobalamine:coenzyme M (CoM) methyltransferase (9) resulting in methyl-CoM, the precursor of methane. The genes encoding these enzymes were named according to Krzycki and coworkers (15) , where the final letter designates the polypeptide function. Within this nomenclature, B describes the substrate specific methyltransferase, C the corrinoid binding polypeptide, and A the CoM-methylating protein. For M. barkeri multiple and nearly identical copies of the operons encoding DMA and MMA methyltransferases and their respective corrinoid proteins have been identified (15, 19) . Analyzing the genome sequence of M. mazei, seven operons coding for methylamine methyltransferases and their corresponding corrinoid proteins and three genes coding for methylcobalamine:CoM methyltransferases have been identified (4) , an overview of which is depicted in Fig. 1 . Although present in all Methanosarcina species, the function of those multiple homologous genes encoding methylamine methyltransferases and their corresponding corrinoid proteins remains unclear. A carbon sourcedependent expression of the three homologous methanol:corrinoid methyltransferase (MtaB) proteins has been demonstrated for M. thermophila by a proteomic approach (5) . Thus, a likely reason for the existence of homologous operons encoding methylamine methyltransferases may be the requirement of different methylamine methyltransferases in response to different growth conditions, which may be achieved by differential expression of the homologous operons.
In order to investigate the requirement of homologous operons in M. mazei we analyzed the transcriptional regulation of genes encoding soluble methyltransferases involved in methylamine degradation in response to different nitrogen and carbon sources. The results obtained clearly demonstrate a unique nitrogen-dependent regulation of one of the two operons encoding MMA methyltransferases (mtmB 2 C 2 ), whereas, if regulated, transcription of the other methyltransferases is regulated in response to the carbon source.
MATERIALS AND METHODS

Growth.
Methanosarcina mazei strain Gö1 (DSM 3647) was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). Cells were grown without shaking at 37°C in 5-or 50-ml closed growth tubes on 150 mM methanol and 40 mM acetate, which is defined as growth on methanol in the following or 25 mM trimethylamine (TMA) in a mineral medium under a nitrogen atmosphere containing 20% CO 2 as described previously (3, 6) . Nitrogen sufficiency (ϩNH 4 ϩ ) is defined as conditions under which 9 mM ammonium is added to an otherwise nitrogen-free medium, whereas nitrogen limitation (ϪNH 4 ϩ ) is defined in the following as conditions under which ammonium was omitted from the medium and molecular nitrogen in the gas atmosphere was the sole nitrogen source available. Using the Ammonium Assay kit (Sigma-Aldrich), the amount of free ammonium in nitrogen-limited medium was determined to be below 10 M, irrespectively of whether the medium was additionally supplemented with TMA as carbon source or not. Thus, TMA and TMA-supplemented nitrogen-limited medium were not contaminated with free ammonium. For ammonium up-shift experiments cells were grown with methanol under nitrogen limitation in 1-liter cultures until they reached a turbidity of 0.3 to 0.4 at 600 nm (exponential growth phase). Thirty-milliliter aliquots were supplemented with 15 mM ammonium (ammonium up-shift), whereas the nitrogen-limited culture served as control. Cultures were further incubated for 1 h before RNA was isolated as described below.
RNA isolation. For quantitative reverse transcriptase (RT)-PCR experiments, M. mazei cultures were grown anaerobically until cells reached a turbidity of 0.26 to 0.29 (methanol, ϪNH 4 ϩ ) or 0.45 to 0.6 at 600 nm (methanol, ϩNH 4 ϩ ; and TMA, ϮNH 4 ϩ ), which corresponds to mid-exponential growth phase under the respective conditions. In order to prevent RNA degradation during harvest, 70-ml cell cultures were rapidly chilled for 10 min on ice before centrifugation of the anaerobic culture tubes at 4°C for 20 min at 3,000 rpm. When TMA served as carbon source, cells were additionally washed under anaerobic conditions with 50 ml ice-cold medium without a carbon source to minimize TMA contaminations, which otherwise negatively affected quantitative RT-PCRs. Cell pellets were resuspended in 125 l cold 0.01 M sodium acetate (pH 5.2) supplemented with 0.3 M sucrose. After the addition of 125 l 0.01 M sodium acetate (pH 5.2) containing 2% sodium dodecyl sulfate followed by an incubation at 65°C for 1.5 min, RNA was isolated by phenol extraction (18) . Isolated RNA was incubated with 40 U DNaseI (Roche) for 30 min at room temperature to avoid contamination with genomic DNA. After removal of DNaseI by chloroform-isoamylalcohol (24:1, vol/vol) extractions followed by ethanol precipitation, the RNA was finally resuspended in 40 l diethyl pyrocarbonate-water. Concentration and purity of extracted RNA were determined by measuring the absorption at 260 and 280 nm. Control PCRs using RNA as template in the absence of reverse transcriptase confirmed that the isolated RNA was free of contaminating genomic DNA. For the analysis of potential growth-phase-dependent transcription of methylamine methyltransferases, RNA was isolated from cells grown with 12.5 mM TMA as carbon source. Cells for RNA isolation were harvested in lag phase (turbidity of 0.2 at 600 nm), exponential phase (turbidity of 0.45 at 600 nm), and stationary phase (turbidity of 0.65 at 600 nm).
Quantitative reverse transcriptase (RT)-PCR analysis. Quantitative RT-PCR assays were performed using the QuantiTect Probe RT-PCR kit (QIAGEN) and the iCycler system from Bio-Rad. For each condition, at least three independent experiments using RNA isolated from independently grown cultures were performed for the respective genes of interest. Reactions were prepared according to the manufacturer's protocol using 400 ng of total M. mazei RNA per reaction in a total volume of 25 l. In general, 55°C was used for primer annealing. Using specific primer sets to amplify the genes of interest and control genes (summarized in Table 1 ) yielded amplification products, the size of which varied from 100 to 150 bp in length. For negative controls, water was used instead of the RNA template. At the end of each run a melting curve was plotted to verify the specificity of the amplification product. The cycle threshold (Ct), which defines the cycle in which the first significant increase in fluorescence is detected, was calculated by the iCycler software (Bio-Rad) and was used to determine the fold change in gene expression. A high Ct value of a certain gene corresponds to a low mRNA amount of the respective gene, whereas a low Ct value indicates a high abundance of the specific mRNA. Ct values were normalized in respect to the corresponding Ct values obtained from the same RNA for three genes (MM 1621, MM 2181, MM 1215; see Table 1 ), which were shown to be transcribed to the same amount irrespective of the nitrogen or carbon availability in microarray experiments (K. Veit and R. A. Schmitz, unpublished data). The fold change was calculated using the formula fold change ϭ 2 Ϫ⌬⌬Ct , as described by Talaat et al. (20) .
Construction of plasmids. Operons encoding each of the methylamine methyltransferases and their respective corrinoid proteins were amplified from genomic M. mazei DNA with specific homologous primers. The PCR products were poly(A) tailed using 0.2 mM dATP and Taq polymerase and were cloned into pDrive using the PCR Cloning kit according to the manufacturer's instructions (QIAGEN). The resulting plasmids were verified by sequencing and designated pRS249 and pRS250 for the MMA methyltransferase operons, pRS254, pRS255, and pRS256 for the DMA methyltransferase operons, and pRS251 and pRS252 for the TMA methyltransferase operons (see Table 2 for details).
Specificity of primers used for quantitative RT-PCR. The operons encoding the homologous methylamine methyltransferases are highly similar to each other. In order to obtain specific PCR products by quantitative RT-PCR at least one of the primers had to be designed directly upstream of the translational start codon of the corresponding gene or in regions that were unique to one of the homologous genes. To verify the specificity of the primer sets, plasmids pRS249 to pRS256 (Table 2) were used as templates in PCR amplifications. In all cases a single PCR product was obtained when using the specific primers (Table 1) (data not shown). The specificity of the primer sets was further confirmed by
FIG. 1. Operons encoding methylamine methyltransferases in M. mazei (modified with permission from reference 14)
. The indicated open reading frame numbers were obtained from GenBank, of the National Center for Biotechnology (4) . Genes are designated according to Paul et al. (15) . The dotted lines indicate the in-frame amber codon of methylamine methyltransferases.
cloning and sequencing the amplification products from the corresponding quantitative RT-PCR assays for all different methylamine methyltransferases. These analyses clearly demonstrated that for all primer sets exclusively the requested product was amplified.
M. mazei mtbC 1 , mttB 1 , mttC 1 , mttP, and mtbB 1 (MM 1687 to MM 1694) have been shown to form a transcriptional unit (K. Veit and R. A. Schmitz, unpublished), which is in accordance to the genomic organization in M. barkeri (15) . Thus, in the following experiments the mttB 1 gene was exemplarily investigated for the regulation of the complete operon encoding DMA and TMA methyltransferase 1, their corresponding corrinoid proteins, and a potential TMA permease. We were able to design specific primer sets for each of the methylamine methyltransferases except for the mtbB 3 C 3 operon, though multiple primer sets were generated and analyzed for specificity.
RESULTS
Soluble methyltransferases are involved in the degradation of different methylamines, TMA, DMA, or MMA, by catalyzing the initial methyl group transfer onto the respective corrinoid proteins. This degradation of methylamines finally leads to the release of ammonium. In order to investigate the functional role of the different homologous methylamine methyltransferases we (i) analyzed growth of M. mazei on TMA as carbon plus energy source under different nitrogen availabilities and (ii) focused on the influence of different carbon and nitrogen sources on the transcriptional regulation of soluble methyltransferases.
TMA is used as carbon and nitrogen source in M. mazei. To determine whether M. mazei uses the ammonium released during degradation of methylamines, growth on TMA was analyzed under different nitrogen availabilities in comparison to growth on methanol as the sole carbon and energy source. Comparing growth with the two different carbon sources under nitrogen-sufficient conditions (ϩNH 4 ϩ ) demonstrated that the doubling time (t d ) and cell yield obtained under either condition was in the same range (t dmethanol, ϩNH 4 ϩ ϭ 11 Ϯ 1 h; t dTMA, ϩNH 4 ϩ ϭ 11.5 Ϯ 1.4 h) ( Fig. 2A) . However, under nitrogen-limiting conditions (with molecular nitrogen as sole nitrogen source), cells provided with TMA reached a significantly higher cell yield than cells grown on methanol, although the respective doubling times were nearly identical (t dTMA, ϪNH 4 ϩ ϭ 12.2 Ϯ 0.8 h; t dmethanol, ϪNH 4 ϩ ϭ 12.6 Ϯ 0.8 h) (Fig. 2B, filled symbols) . When in addition molecular nitrogen in the gas atmosphere was changed to argon, methanol-supplemented cells were not able to grow at all (Fig. 2B , empty triangle) (6) , confirming that the medium was free of nitrogen contaminants. However, cells provided with TMA were growing with nearly the same doubling time (Fig. 2B , empty squares) as observed for growth with ammonium, even though no additional nitrogen source was present under those conditions. These findings indicate that TMA not only served as carbon and but also as nitrogen source. In order to further investigate whether genes required for nitrogen fixation (nif genes) are repressed under those conditions, transcription of the structural nifH gene encoding the iron protein of nitrogenase was analyzed. RNA purified from methanol-grown cells with molecular nitrogen as sole nitrogen source served as con- ϩ ϭ 14 Ϯ 0.7). As TMA-complemented nitrogen-limited medium did not contain significant amounts of free ammonium (see Materials and Methods), this finding indicates that the release of ammonium during methylamine degradation represses nif gene induction. Further confirmation was obtained by demonstrating that up to 16.5 mM of free ammonium was accumulated in the medium during growth on TMA (Fig. 3) .
Regulation of soluble methyltransferases in response to different nitrogen and carbon sources. A nitrogen-dependent differential transcription of the two operons encoding a soluble MMA methyltransferase and the corresponding corrinoid protein (mtmB 1 C 1 and mtmB 2 C 2 ) was recently observed in genome-wide microarray experiments. Both operons were shown to be significantly up-regulated (approximately 25-fold) when molecular nitrogen was used as the sole nitrogen source and methanol as the carbon source (K. Veit and R. A. Schmitz, unpublished). To verify this finding and examine the potential regulation of other methyltransferases in response to different nitrogen and carbon sources, quantitative RT-PCR analysis for cultures grown under various growth conditions was carried out using specific primers for the respective genes (see Materials and Methods and Table 1 ). The data obtained from at least three independent RNA preparations were normalized in respect to three genes, which were transcribed to the same amount irrespective of the nitrogen or carbon availability (see Materials and Methods).
Under nitrogen limitation, a 543-fold up-regulation of the mtmB 2 C 2 operon encoding MMA methyltransferase 2 was obtained when methanol was used as carbon source, whereas transcription of the homologous mtmB 1 C 1 operon occurred at a constant level independently of the nitrogen source (Fig.  4A ). This finding is in contrast to the results obtained by the DNA microarray experiments, indicating that the DNA microarray technique we used does not allow differentiating between the homologous methylamine methyltransferase operons. The use of specific primer sets in quantitative RT-PCR analysis, however, overcomes this problem. In order to further confirm the nitrogen-dependent regulation of the mtmB 2 C 2 operon, an ammonium up-shift experiment was carried out in which M. mazei was grown under nitrogen limitation using methanol as carbon source. In exponential growth phase the culture was divided in two parts, one of which was exposed to 15 mM ammonium. Both cultures were further incubated for an hour before RNA was isolated and analyzed. Comparing the data from three independent experiments demonstrated that the mean Ct value obtained for RNA isolated from the ammonium-shifted cultures was significantly higher (Ct ϭ 24 Ϯ 0.4) than the one for the nitrogen-limited culture (Ct ϭ 17 Ϯ 2.1). This significant decrease of mtmB 2 C 2 mRNA amount upon the ammonium up-shift within an hour again strongly indicated the nitrogen-dependent regulation of the mtmB 2 C 2 operon. When cells were grown on TMA, the mtmB 2 C 2 operon was only slightly up-regulated under nitrogen limitation (approximately eightfold; Fig. 4B ), which is apparently based on the release of free ammonium during TMA degradation. In general, genes encoding DMA and TMA methyltransferases and their respective corrinoid proteins were not differentially transcribed in response to the different nitrogen availabilities with methanol as carbon source as exemplarily indicated for the mtbB 2 and mttB 2 genes in Fig. 4A . Further, transcription of only one of three homologous genes encoding methylcobalamine:CoM methyltransferase (mtbA 2 ) was slightly increased under nitrogen limitation (approximately sixfold; Fig. 4A ), whereas the other two homologous genes were transcribed independently of the nitrogen source (data not shown). Also, when using TMA as carbon source, transcription of the mtmB 1 C 1 operon as well as transcription of the operons encoding DMA and TMA methyltransferases and genes encoding methylcobalamine:CoM methyltransferase were not affected by the different nitrogen availabilities (Fig. 4B , which exemplarily shows one of the respective homologous operons or genes).
We further investigated whether a regulation of soluble methylamine methyltransferases occurs in response to the carbon source. RNA was isolated from cultures grown either on methanol or TMA under nitrogen sufficiency. Quantitative RT-PCR analysis demonstrated that in general, only one of the homologous genes or operons encoding a specific methyltransferase was carbon-dependent regulated: mtmB 1 C 1 , mtbB 1 , mttB 1 C 1 , and mtbA 2 ( Table 3) . Transcription of the respective operons or genes was apparently increased in the presence of TMA or its degradation products DMA and MMA. In order to exclude a growth-phase-dependent expression of the different homologous genes, RNA was further isolated from TMAgrown cells at different growth phases. Exemplarily, transcription of the two mtmBC operons during lag, exponential, or stationary phase was analyzed and compared to transcription of a control gene (MM 1621). This analysis showed that the observed changes in expression of the mtmBC operons during lag-or stationary-phase growth compared to exponential- Transcription of pyl genes does not appear to be affected by nitrogen limitation and the presence of TMA. All methylamine methyltransferase transcripts possess an internal amber codon (UAG) (15) , which encodes the recently discovered amino acid pyrrolysine (12, 19) . Thus, synthesis of functional methylamine methyltransferases is dependent on the expression of the pyl genes, whose gene products are responsible for the synthesis of pyrrolysyl-tRNA Pyl . In order to investigate whether the high up-regulation of the mtmB 2 C 2 operon under nitrogen limitation with methanol as carbon source also gives rise to an elevated transcription level of the pyl genes, quantitative RT-PCR analysis for the pylT and pylS genes was performed. The results obtained demonstrated that transcription of the pyl genes is not regulated in accordance to the mtmB 2 C 2 operon, as they were transcribed to the same amount independently of the nitrogen source (Ct pylT,ϩNH 4 ϩ ϭ 23 Ϯ 0.6; Ct pylT, ϪNH 4 ϩ ϭ 23 Ϯ 0.4). Moreover, preliminary data from a genome-wide transcriptional analysis indicated that even with TMA as sole carbon source, conditions under which methylamine methyltransferases are highly required, transcription of the pyl genes was not increased compared to methanol as carbon source (K. Veit and R. A. Schmitz, unpublished). This finding was confirmed by quantitative RT-PCR for the pylS and pylT genes, which did not show differential transcription in response to the carbon source (e.g., Ct pylT, TMA ϭ 23 Ϯ 0.6; Ct pylT, methanol ϭ 22 Ϯ 0.6).
DISCUSSION
Multiple homologous genes encoding methylamine methyltransferases have been identified in the genomes of Methanosarcina species (4, 11, 15) (M. thermophila strain TM-1, DuPont, unpublished data). However, the biological significance and functional role of those homologs remains unclear. As the degradation of methylamines results in the release of ammonium, it appeared to be likely that different methylamine methyltransferases are expressed in response to the nitrogen availability, which was the focus of this analysis.
Potential roles of the multiple homologs encoding methylamine methyltransferases. We obtained conclusive evidence that MMA methyltransferase 2 is highly up-regulated under nitrogen limitation when methanol is the carbon source. However, when TMA served as carbon source, the nitrogen effect was nearly abolished, which is due to the fact that sufficient ammonium is available through TMA degradation. The finding that, under nitrogen limitation, MMA methyltransferase 2 expression is up-regulated in the absence of methylamines, the substrate of methylamine methyltransferases, indicates that adaptability to different growth substrates is a likely reason for the existence of homologous genes. A similar finding was observed by Ferry and coworkers (5) in M. thermophila by a proteomic approach. One of the three methanol methyltransferases (MtaB 3 C 3 ) involved in methanol degradation is expressed to the same amount independent of whether methanol or acetate is the carbon source (5). The authors hypothesize that expression of the methanol-degrading methyltransferase MtaB 3 C 3 on acetate is an adaptation strategy to improve the ability to be prepared for a potential carbon source switch to methanol, which is the favorable energy source (22) . Thus, it is tempting to speculate that in M. mazei a similar need for adaptability is the reason for the up-regulation of the mtmB 2 C 2 operon under nitrogen limitation as the ammonium generated by degradation of methylamines is energetically more favorable than reduction of molecular nitrogen. This is further supported by taking into account that in the natural environment methylamines are likely to become available. We further ob- served that transcription of only one of the homologous operons encoding the MMA, DMA, TMA, or methylcobalamine: CoM methyltransferases was increased in the presence of TMA or its degradation products DMA and MMA (Table 4) . This elevated transcription occurred in direct response to the carbon source (TMA), as we excluded growth-phase-dependent expression of the homologous methylamine methyltransferases. The finding that the mtmB 2 C 2 operon is nitrogen regulated, whereas the homologous mtmB 1 C 1 operon is regulated by the carbon source (Table 4) , again indicates that the two homologous operons apparently have distinct functions. As the mtmB 2 C 2 operon is responsible for the first step within the transfer of the methyl group to CoM, an up-regulation of at least one of the three genes encoding methylcobalamine:CoM methyltransferases (mtbA) was expected under nitrogen limitation. However, significant but only slight increase of mtbA 2 transcription was obtained under nitrogen limitation (Table 4 ). This finding indicates that the basal transcription of one of the mtbA genes may allow sufficiently high methylcobalamine:CoM methyltransferase activity to provide the cell with sufficient ammonium from MMA.
It still has to be confirmed on the protein level which of the methylamine methyltransferases are synthesized and active on methanol under different nitrogen availabilities. Therefore, a proteomic approach and the determination of enzyme activities have to follow. However, the results obtained by quantitative RT-PCR strongly indicate that synthesis of methylamine methyltransferases is induced on methanol under nitrogen limitation, again supporting the hypothesis of Ding et al. (5) that multiple homologs are differentially expressed to facilitate the switch between growth substrates.
Synthesis of pyrrolysine does not appear to be regulated in accordance to methylamine methyltransferases. The recently discovered amino acid pyrrolysine, which is encoded by the internal amber codon UAG, is so far only known to be present in methylamine methyltransferases (12, 19) . The gene encoding the respective amber supressor tRNA (tRNA Pyl encoded by pylT) was identified in M. barkeri, where it is cotranscribed with pylS, pylB, and pylC (19) . One would expect an induction of these genes during growth on TMA compared to growth on methanol, as methylamine methyltransferases are partially upregulated on TMA (Table 4) . However, we did not obtain evidence for a transcriptional up-regulation of the pylT and pylS genes in dependence of the carbon source or in dependence of the extremely elevated expression of the mtmB 2 C 2 operon under nitrogen limitation (Table 4) . Considering the level of pyl gene transcription, it appears that these basal transcriptional levels ensure pyrrolysine formation under all circumstances. However, we cannot rule out that differences in transcription in dependence of the carbon source might occur either during early lag or early exponential phase, as the RNA analyzed was exclusively isolated in mid-exponential phase. Recently, two groups showed independently that PylS is an aminoacyl-tRNA synthetase that charges pyrrolysine to tRNA Pyl in vitro (1, 16) . In addition, Krzycki and coworkers demonstrated PylS charging activity in vivo (1) . Evidence for two potential pathways of aminoacylation of the suppressor tRNA Pyl were obtained in vitro (16) , leaving the question open as to which are used in vivo. Currently, it is speculated that the existence of two routes prevents pyrrolysine limitation to ensure proper methylamine methyltransferase formation (16) . As one pathway involves the formation of lysyl-tRNA Pyl by LysRS1 and LysRS2 (17) prior to the suggested modification to pyrrolysyl-tRNA Pyl by additional uncharacterized pyl genes (19), we investigated the regulation of the corresponding genes in M. mazei as well. Similar to the pylS and pylT genes, they were not regulated under any of the conditions examined but appear to be expressed in all cases (Table 4 ). This observation indicates that neither one nor the other pathway is preferentially used under the conditions analyzed.
